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We present magnetization studies in a series of phase separated Lao.sCao.sMnOa manganite sam- 
ples, with different low temperature fractions of the ferromagnetic (FM) and charge ordered- 
antiferromagnetic (CO-AFM) phases. A particular experimental procedure probes the effect of 
the magnetic field applied while cooling the samples, which promotes FM fraction enlargement and 
enhances the melting of the CO phase. The response of the system depending on its magnetic field 
history indicates the existence of three different regimes in the phase separated state which develops 
below Tc- Our data allows us to identify the onset temperature below which the system becomes 
magnetic and structurally phase separated, and an onset field above which FM fraction enlargement 
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I. INTRODUCTION 

The mixed-valent manganites Ri-^A^MnOs (R = 
rare-earth, A = Ca, Sr, or Ba) attracted considerable sci- 
entific interest due to their wide variety of spin, charge, 
and orbital states. |jj Extensive investigation in these 
compounds was first stimulated by the discovery of colos- 
sal magnetoresistance (CMR), a large decrease in elec- 
trical transport when a magnetic field is applied, which 
takes place in various compounds near a ferromagnetic 
transition. Subsequently, the main focus of attention 
has moved beyond the study of CMR effects in man- 
ganites, in particular to the x = h substituted compo- 
sitions, which in Lai-^Ca^MnOs represents the bound- 
ary between competing ferromagnetic (FM) and charge 
ordered-antiferromagnetic (CO-AFM) ground states, a 
favorable scenario for phase separation (PS) phenomena. 
H Phase separation also occurs in several other systems, 
and it is most studied in (Lai_ z Pr z )o.7Cao.3Mn03 at an 
intermediate z doping range; j^] the end members z = 
and z = 1 are FM metallic and CO-AFM insulator at low 
temperatures, respectively. Recent experimental investi- 
gations have shown undisputed evidence of the existence 
of inhomogeneous states and PS in various manganite 
compounds, Q a major discovery in the study of strongly 
correlated electron systems. 

In the case of Lao.sCao.sMnOa, the "standard" com- 
pound changes on cooling to a FM phase at Tc ~ 220 
K, and subsequently to CO-AFM at T co - 150 K (~ 
180 K upon warming). || However, it has been estab- 
lished that this system is better described as magnetically 
phase-segregated over a wide range of temperatures. The 
nature and properties of this phase separated state have 
been the subject of numerous experimental [^-jllj and 



theoretical [|2j|4|] investigations. At low temperatures, T 
<Tco, FM metallic regions are trapped in a CO-AFM 
matrix. This is consistent with the sizable bulk mag- 
netization values observed, |BQ arising from the ferro- 
magnetic component, and with resistivity data, which 
may show metallic behavior due to percolation of the 
FM clusters. The fraction of FM phase remaining at low 
temperatures is strongly sample dependent. It has been 
previously demonstrated that the fraction of FM and 
CO-AFM phases in polycrystalline Lao.sCao.sMnOa can 
be controlled by appropriate thermal treatments, which 
produces a continuous change of the relative fraction 
of the competing FM and CO-AFM phases. The ex- 
istence of phase separation within the FM phase, i.e., 
in the intermediate temperature region Tco <T <Tc, 
has also been established in various investigations. The 
occurrence of an incommensurate charge/orbital ordered 
state between Tc and Tco ; incompatible with ferromag- 
netic order, was found through transmission electron mi- 
croscopy. ||,[l2| Detailed neutron studies [|| reported the 
appearance below Tc of a second crystallographic phase 
structurally different from the FM phase, and lacking 
magnetic order. A consensus has now emerged in the 
literature regarding the paramagnetic character of this 
secondary phase, |I^|l5|] although the possible existence 
of an AFM incommensurate charge-ordered state can not 
be ruled out. || 

Microscopic probes were more successful than mag- 
netic measurements in detecting the intermediate phase 
separated state. Indeed, previous magnetization studies 
appeared to be consistent with the existence of a homo- 
geneous ferromagnetic state at Tco 

<T <T C , i@Jl6| 

without any indication of PS. The main reason for the 
mentioned limitation of the magnetic techniques can be 
found in the sensitivity of the phase separated state to the 
measuring magnetic field, HJl(],[l7j which can mask the 
real characteristics of the system in conventional magne- 
tization measurements. In a previous investigation fLy] 
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we have shown through transport measurements how the 
application of a low magnetic field can alter the volume 
fraction of the competing magnetic phases. When the 
field is applied while cooling the sample, in a conventional 
field-cooled-cooling (FCC) experiment, it promotes an 
enlargement of the FM volume fraction, by preventing 
the formation of otherwise non-FM regions. On the other 
hand, if the field is turned on while the measurement is 
made and turned off while cooling the sample, a pro- 
cedure called turn- on-turn- off mode, the relative frac- 
tion of the existing phases is less disturbed during the 
cooling process. The measured magnetoresistance of the 
compounds differ considerably when comparing data ob- 
tained with the FCC and turn- on-turn- off modes, since 
the former enhances the percolation of the FM metallic 
regions. In fact, it has been theoretically proposed |p|Jl8| 
and experimentally confirmed j[l],[L5) that the observed 
colossal magnetoresistance effect in manganites is caused 
by a field-induced percolative transition of metallic re- 
gions in phase separated systems. Within this scenario, 
it is possible that a moderate applied field (~ 1 T) can be 
high enough to suppress the non-FM phase between Tc 
and Tco m & FCC experiment, giving rise to a magnetic 
response of the system consistent with a homogeneous 
state. This is probably the reason for the lack of detec- 
tion of the intermediate phase separated state through 
magnetic measurements. 

In this paper we present a detailed magnetization 
study of phase separated Lao.sCao.sMnOa manganites, 
focusing mainly in the intermediate temperature region 
Tco <T <Tc- The samples are a series of polycrys- 
talline compounds, with varying low-temperature vol- 
ume fraction of FM and CO-AFM phases. We inves- 
tigated the magnetic response of the system under differ- 
ent measurement procedures, extending the idea related 
with turn- on-turn- off -type measurements to magnetiza- 
tion studies. We found that by changing separately the 
measuring and cooling field leads to different magnetic 
responses, providing an important tool to investigate PS 
effects through magnetization measurements. Using this 
particular experimental procedure we were able to iden- 
tify three different regimes in the phase separated state 
of Lao.5Cao.5Mn03 below Tc, related to the response of 
the system to the cooling and measuring fields. 

II. EXPERIMENTAL DETAILS 

Polycrystalline Lao.sCao.sMnOs was obtained by a 
standard citrate/nitrate decomposition method. Addi- 
tional thermal treatments were performed to obtain a 
batch of samples with different grain sizes. Care was 
taken to ensure that all samples have the same oxygen 
stoichiometry, and same Ca doping concentration near 
0.5. More details on material preparation and x-ray anal- 
ysis were given elsewhere. M Magnetization measure- 



ments were performed with a commercial magnetome- 
ter (Quantum Design PPMS) between room temperature 
and 2 K, with applied fields up to H = 9 T. Transport 
data was obtained with a standard four-point technique. 
Table I lists some physical parameters of the measured 
samples, labeled A to E: grain sizes, low temperature vol- 
ume fraction of the FM phase, ferromagnetic transition 
temperature Tc, and charge-ordered antiferromagnetic 
transition temperature Tco measured on cooling. The 
fraction of FM phase was estimated from M vs. H mea- 
surements at 10 K, as previously described. JjJ 

III. RESULTS 

In order to characterize the magnetic behavior of the 
studied compounds, Fig. 1 shows the temperature depen- 
dence of the magnetization, measured with H = 2 mT for 
samples A to E. As the temperature is lowered all samples 
display a FM transition at Tc, followed by a hysteretic 
first order transition to a CO-AFM state at Tco (the 
latter not visible for sample A). The bulk magnetization 
measured below Tco signals the presence of FM domains 
trapped in the CO-AFM matrix, as previously reported 
for this material. ||J^] It is clear from the data that the 
FM volume fraction strongly increases through the series, 
starting from a compound mostly CO-AFM at low tem- 
peratures in sample E, and reaching a nearly fully FM 
material in sample A. The transition temperatures Tc 
and Tco, obtained through the maximum slope of the 
magnetization data, are listed in Table I. The FM tran- 
sition decreases from Tc ~ 227 to 214 K for samples A 
to E respectively, and the temperature of the CO-AFM 
transition increases from Tco ~ 128 to 142 K, signal- 
ing the stabilization of the CO-AFM phase as the low 
temperature FM fraction decreases in the materials. A 
pronounced irreversibility, i.e., the difference between the 
field-cooled-cooling (FCC) and zero field-cooled (ZFC) 
curves, is observed for all samples, as a consequence of 
the magnetic anisotropy of the compounds. The frac- 
tional change £ in magnetization, expressed as 

TABLE I. Main characteristics of Lao.sCao.sMnOs sam- 
ples, labelled A to E. FM (%) is the ferromagnetic phase 
fraction at low temperatures, Tc the ferromagnetic transition 
temperature, and Tco the charge-ordered antiferromagnetic 
transition temperature measured on cooling. Tc and Tco 
were obtained from the maximum inflection of the low-field 
(2 mT) magnetization data. 



Sample 


grain size (um) 


FM (%) 


Tc (K) 


Tco (K) 


A 


180 


84 


225 




B 


250 


77 


219 


129 


C 


450 


54 


218 


137 


D 


950 


15 


215 


143 


E 


1300 


9 


214 


147 
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£ = (Mfcc — Mzfc)/Mfc, has approximately the same 
value in all samples, £ ~ 0.94 ± 0.03 at 10 K. Magneti- 
zation measurements at various fields (not shown) reveal 
little changes in £ up to H = 0.02 T, and a strong de- 
crease above ff~0.1T. This is consistent with the values 
obtained for the coercive field (a measure of the magnetic 
anisotropy), H c ~ 0.05 T at 10 K for all samples. For H 
;§> H c , £ becomes negligible. 

The effect of the magnetic field on the coexisting FM 
and CO-AFM phases can be readily visualized through 
measurements of M vs. H. Figure 2 shows data taken 
at 130 K, just below the CO transition. It is interesting 
to observe how the results evolve through the series of 
samples. For samples D and E, with higher CO-AFM 
content at low temperatures, the effects due to the FM 
and AFM phases are clearly separated in the curves. As 
the field increases it initially aligns the FM moments, 
followed by a metamagnetic transition of the AFM mo- 
ments to a field-induced ferromagnetic phase. At this 
temperature, and at the highest field reached, the entire 
sample is in a FM state. The metamagnetic transition 
displays large field hysteresis and time relaxation at the 
fields where dM/dH is maximum. Samples C and D show 
a larger initial saturation value of the FM moments and 
less pronounced hysteresis, related with the increase of 
the FM fraction and decrease of the CO-AFM fraction in 
the compounds. Sample A shows data similar to a fully 
FM sample, consistent with the results of magnetization 
as a function of temperature (Fig. 1). 
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FIG. 1. Magnetization as a function of temperature of 
Lao.sCao.sMnOs samples, labelled A to E. Results ob- 
tained with H = 2 mT, with zero-field-cooling (ZFC), 
field-cooled-cooling (FCC), and field-cooled- warming (FCW) 
procedures. 
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FIG. 2. Magnetization as a function of field of 
Lao.sCao.sMnOs samples, labelled A to E. Results obtained 
after zero-field-cooling to T = 130 K. 

We shall now demonstrate that when a magnetic field 
is applied while cooling the samples it can dynamically 
change the relative fraction of the magnetic states in this 
phase separated material. This phenomena is investi- 
gated by extending to magnetization data the idea of 
turn- on-turn- off -type measurements, where the field is 
left on at fixed temperatures while taking a data point, 
and turned off while cooling the sample. In a more gen- 
eral procedure employed in the present study, the mea- 
sured magnetization may depend on two different vari- 
ables, x and y, where x is the measuring field and y the 
field in which the sample is cooled (both expressed in T) . 
This measuring technique is hereafter called the M(x-y) 
mode. Figure 3 displays the results obtained for all sam- 
ples, comparing the data taken with the FCC and M(l-0) 
modes, the latter with a measuring field of 1 T and cool- 
ing field zero. The value of 1 T was chosen since it is much 
above the observed anisotropy field and much below val- 
ues that would cause a pronounced decrease in Tco due 
to melting of the CO state. For sample A, nearly fully FM 
down to low temperatures, the FCC and M(l-0) results 
virtually coincide. As the CO-AFM fraction increases 
through the series the magnetization becomes strongly 
dependent on whether or not the field is left on while 
cooling the samples. In samples B and C, below a cer- 
tain temperature, the M(l-0) data is shifted with respect 
to the FCC data. In samples D and E, with higher CO- 
AFM fraction, it is remarkable to observe huge differ- 
ences in bulk magnetization when comparing the curves 
obtained with the two measuring procedures. The tem- 
perature where the FCC and M(l-0) curves separate, T Q 
~ 200 ± 2 K, is nearly unchanged in these two samples, 
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Freitas et al, Fig. 3 
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FIG. 3. Magnetization as a function of temperature of Lao.sCao.sMnOa samples, labelled A to E. The curves with solid 
symbols were measured with a field-cooled-cooling (FCC) mode, with H = IT. Curves with open symbols obtained with a 
measuring field i=1T, and a cooling field y — 0, called the M(l-0) mode. 



and progressively decreases through the series. As dis- 
cussed below, the change in magnetization depending on 
the measuring mode is due to the existence of non-FM 
regions within the FM phase. 

Before interpreting these results some points must be 
verified to ensure the physical meaning of the data. Since 
the field is being switched on and off continuously in 
the M(x-y) mode, one may suspect the samples to be 
in some kind of magnetic metastable state, where strong 
relaxation effects would be present. In order to rule out 
this possibility the M(l-0) data was repeated leaving the 
field on for 30 minutes, and subsequently leaving the field 
switched off for the same period of time before proceed- 
ing to next data point. The observed fractional change in 
M(l-0) is always less than 2 % at all temperatures. Long 
time relaxation data was also taken at selected temper- 
atures, giving a fractional change in M(l-0) of less then 
3 % in a period of 4 hours. A different test was also 
made, by varying the temperature interval between data 
points, from 0.5 to 5 K, with no effect in the M(l-0) 
curves. These results clearly establish that the field in 
which the samples are cooled has an overwhelming effect 
in the bulk magnetization measured. It is worth noting 
that the results (not shown) taken while warming the 
samples, with field-cooled- warming and M(l-0) warming 
modes, virtually coincide. 

The remaining of this paper will focus on measure- 
ments on sample E, with the largest CO-AFM volume 
fraction at low temperatures and where PS effects are 



more pronounced. Figure 4 shows additional measure- 
ments taken in the M(x-y) mode. The main panel dis- 
plays the results at intermediate temperatures, while the 
inset shows an enlarged plot with the low temperature 
data. The measuring field was kept constant at x = 1 
T, and the cooling field y was varied in order to study 
its influence on the measured magnetization. The M(l- 
0.06) data (not shown for clarity of the figure) is virtually 
identical to M(l-0); a small difference between M(l-0.1) 
and M(l-0) is observed, and the M(x-y) curves start to 
clearly separate from the M(l-0) data at y > 0.2 T. With 
increasing cooling fields y the curves gradually evolve to- 
wards the data obtained with the FCC mode. With the 
measuring field kept constant, these results indicate an 
onset at H ~ 0.1 T above which the cooling field induces 
changes in the measured magnetization. This is consis- 
tent with the results shown in Fig. 5a, where it is shown 
that with a measuring field of 0.1 T, FCC and M(0.1-0) 
results practically coincide. The different panels in Fig. 
5 compare data taken with the FCC and M(x-0) modes. 
The cooling fields is kept at zero, and the measuring field 
x increases from 0.1 to 0.3, 1 and 3 T respectively. As 
will be discussed below, the data in the each of the panels 
of Fig. 5 may be interpreted in a qualitatively different 
way. The same overall results were obtained on samples 
B to D, which shows that the cooling field effect is the 
same regardless of the ratio between the competing FM 
and CO-AFM phases. 
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FIG. 4. Magnetization as a function of temperature of 
Lao.sCao.sMnOa, sample E. Results obtained with a measur- 
ing field x = 1 T and several values of the cooling field y, the 
M(l-y) mode. The main panel shows an enlarged portion of 
the data at intermediate temperatures, with (from bottom to 
top) y = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.85 T. The 
inset shows the same results at lower temperatures, with y = 
0, 0.2, 0.4, 0.6, and 0.85 T. 
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FIG. 5. Magnetization as a function of temperature of 
Lao.sCao.sMnOa, sample E. The curves with solid symbols 
were measured with a field-cooled-cooling (FCC) mode, with 
H = 0.1T (a), 0.3 T (b), 1 T (c) and 3 T (d). Curves with 
open symbols measured with a cooling field y = 0, the M(x-0) 
mode. 



Complementary resistivity measurements are shown 
in Figure 6. Three different curves are plotted, cor- 
responding to different experimental procedures: mea- 
sured without an applied field (H = 0), measured with 
H = 1 T on FCC mode, and measured with a field x = 
1 T while cooled in zero field, the i?(l-0) mode. The 
inset of Fig. 6 depicts the magnetoresistance, MR = 
[R(0) — R(H)]/R(0), comparing the results obtained with 
FCC and R(l-0) modes. The results clearly show that the 
large low temperature MR is solely due to the cooling 
field, as discussed in more detail in the following section. 



Freitas et ai. Fig. 6 
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FIG. 6. Electrical resistance of Lao.sCao.sMnOa, sample E. 
Results measured with H = 0, field-cooled-cooling with H = 
1 T, and with a measuring field x — 1 T and cooling field y = 
0, the -R(l-O) mode. The inset depicts the magnetoresistance 
MR = ~[R(H) - R(0)]/R(0), calculated for the FCC and 
7?(l-0) modes; the curves separate at T D . 



IV. DISCUSSION 

When performing magnetic measurements in phase 
separated materials the applied magnetic field can affect 
the balance between the coexisting phases by increasing 
the amount of the FM phase, an effect called ferromag- 
netic fraction enlargement (FFE). jl^JT^,|I^] The magne- 
tization response of a phase separated system involves 
two field dependent contributions: the alignment of the 
magnetic moments of the FM phase and the FFE effect. 
The applied magnetic field can also lower Tco, a phe- 
nomena known as melting. It has been argued that PS 
plays a major role in the melting mechanism, with the 
competition and coexistence among the FM component 
and the CO phase causing a drop in the CO transition 
temperature. |2(J Our results (Figs. 3 to 6) clearly show 
that the capability of the magnetic field to change the 
relative fractions of the coexisting phases is strongly de- 
pendent on the way in which the field is applied, with 
the cooling and measuring fields affecting the system in 
different ways. As previously reported, Q in a FCC pro- 
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cedure the cooling field induces FFE mainly by inhibiting 
the formation of the non-FM regions. On the other hand, 
the measuring field, applied solely at fixed temperatures 
once the zero-field relative fractions are established, can 
produce FFE only if it is large enough to transform some 
fraction of the material from one phase to the other, in 
a metamagnctic-likc transition. It must be emphasized 
that the observed difference in the magnetization curves 
regarding the way in which the field is applied is a direct 
consequence of the phase separated nature of the system. 
On a nearly homogenous FM sample the magnetization 
is almost the same in the M(x-y) and FCC modes, as 
observed in Fig. 3(a). 

The results of Fig. 3 emphasize the fact that regard- 
less of the relative low-temperature fractions of the FM 
and CO-AFM phases, which is highly dependent on sam- 
ple preparation, there is an onset temperature T D below 
which the cooling field plays an unbalancing role in fa- 
vor of the FM state. Measurements displayed in Fig. 
4 evidence that above a threshold value of H ~ 0.1 T 
the FM phase fraction monotonously increases as a func- 
tion of the applied cooling field. The same threshold 
field is obtained for the other samples (data not shown) . 
These findings are most likely an intrinsic characteris- 
tic of the Lao.sCao.sMnOa system, beyond the particular 
differences among the samples. 

In order to adequately separate the effects of the mea- 
suring and cooling fields in the ground state of the sys- 
tem let us call Af(x-y) the FFE produced when measur- 
ing in the M(x-y) mode, and Af (x) the FFE induced in 
a FCC procedure. The actual FM phase fraction at a 
given temperature is proportional to (/o + A/), where 
/o is the equilibrium fraction of the FM phase at zero 
field. This notation is useful for a qualitative analysis 
of Fig. 5, which provides interesting insights in to how 
the magnitude of the applied magnetic field affects the 
phase separated state below T^ by comparing the results 
measured in the M(x-O) and FCC modes. Above T Q the 
magnetization response is the same in both modes, up to 
the highest field employed (3 T). The equilibrium state of 
the sample under the applied magnetic field is the same 
irrespective of the way in which the magnetic field is ap- 
plied, so we can conclude that A/(a;-0) « Af(x) for T 
>T . 

On cooling below T„ a different magnetization re- 
sponse arises depending on the measuring mode and on 
the applied field. While the curves obtained with the 
extreme fields used (0.1 T and 3 T) show that Af(x- 
0) k Af(x), a net distinction between FCC and M(x- 
0) modes is observed for 0.3 T and 1 T, indicating that 
Af(x) >Af(x-0) for these intermediate fields. In the data 
measured with H = 0.3 T, shown in Fig. 5b, the differ- 
ence below T D between the FCC and M(0.3-0) results 
give direct evidence of the FFE induced by the cooling 
field. While the magnetization in the FCC mode con- 
tinuously increases on cooling across T Q , the M(0.3-0) 



curve shows that a sudden loss of FM phase happens in 
a small temperature region close below T Q . On further 
cooling M(0.3-0) increases again, indicating that the re- 
maining amount of the FM phase is almost constant until 
Tco- Some remarkable differences are found in the M(l- 
0) curve (Fig. 5c) with respect to the M(0.3-0). The 
former also starts to deviates from the FCC curve at T D , 
but continuously decreases on further cooling, contrar- 
ily to what happens with M(0.3-0). This fact can be at- 
tributed to the effect of the measuring field, which in this 
case is large enough to convert non-FM regions to a FM 
state. This process is accomplished each time the field 
is turned on. As the temperature is lowered the capabil- 
ity of the field to produce such transformation decreases. 
Thus, while A/(1T) remains almost constant in the in- 
termediate temperature range, A/ (1-0) decreases as Tco 
is approached from above. The capability of even higher 
measuring magnetic fields to convert the material from 
non-FM to FM is clearly visualized in Fig. 5d, where re- 
sults obtained with the M(3-0) and FCC modes coincide 
above TcOi indicating that the measuring field is suf- 
ficient to induce a nearly complete metamagnetic tran- 
sition. The above described scenario is consistent with 
that proposed by Mahendiran et al., []l5| who suggested 
that the phase coexistence above Tco is characterized 
by the existence of CO domains of different sizes, and 
concomitantly, different critical field values for the local 
metamagnetic transition. 

At T C o the system changes to a CE-type CO-AFM 
state. |2^| It is well known that below this temperature 
the phase separated state is characterized by the coexis- 
tence of small FM regions embedded in a CO-AFM ma- 
trix. There is negligible FFE induced by the measur- 
ing field, whereas the cooling field considerably enhances 
the low-temperature FM fraction (see inset of Fig 4). 
Fast cooling rates also produce the same effect. J22J It 
is worth noticing that the charge order transition tem- 
perature Tco is lower on the FCC mode as compared 
to the M(x-0) mode, because the cooling field enhances 
the melting of the CO-AFM state. The value of T C o 
(obtained through the maximum slope at the decrease of 
the magnetization) ranges from 146 K at H= 0.1 T to 
116 K at H= 3 T in the FCC mode, but it is almost field 
independent (T C o = 146 ± 1 K) in the M(x-0) mode. 
The physical processes occurring in each of the panels 
of Fig. 5 may be summarized in the following way: 5a) 
cooling and measuring fields induce no changes in the 
magnetic phases; 5b) cooling field induces FM fraction 
enlargement; 5c) Cooling field induces FM fraction en- 
largement and enhanced melting of the CO transition, 
while the measuring field induces only partial FFE; 5d) 
FM fraction enlargement is saturated by both the cool- 
ing and the measuring fields above Tco i cooling field also 
promotes melting of the CO transition. 

The resistivity results of Fig. 6 are consistent with 
this analysis. The onset temperature T Q below which 
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FCC and turn- on-turn- off -type measurements separate 
is the same in magnetization and resistivity data. Above 
T Q , FCC and i?(l-0) resistivity results also coincide. Be- 
tween T Q and Tco the resistivity is lower when cooling 
in the presence of a magnetic field. It is remarkable to 
note that below Tco the magnctorcsistance is entirely 
due to the cooling field. Results with H = and with 
H = 1 T applied solely during the measurements practi- 
cally coincide below Tco- On the other hand, H = 1 T 
applied while cooling the sample considerably lowers the 
resistivity. The inset of Fig. 6 shows how the magnetore- 
sistance is enhanced in the FCC mode as compared to the 
R(l-0) mode. This confirms that PS effects are responsi- 
ble for the observed magnetoresistance in this compound. 
Transport measurements evidence the different ways in 
which the system reaches the low temperature CO-AFM 
state depending on the measuring mode. As the tem- 
perature is lowered in the FCC mode a sharp increase 
of resistivity is observed at Tco > indicating that CO and 
AFM states occur simultaneously when cooling under a 1 
T field. On the other hand, the zero field resistivity curve 
changes nearly smoothly while cooling, suggesting that 
the fully CO state is reached by a continuous increase of 
the CO regions below Tc. The enhanced melting (lower 
Tco) as a result of the cooling field is also observed in 
the magnetoresistance plot. 

The overall behavior observed in Lao.sCao.sMnOa 
through magnetization measurements, and confirmed 
by resistivity, shows the existence of well differentiated 
regimes in the phase separated state below Tc- The main 
characteristics of each regime are clearly visualized in the 
Mvs. H data showed in Fig. 7. At different temperatures 
we performed the measurements with a definite experi- 
mental procedure: the sample is cooled without an ap- 
plied field to the target temperature, or alternatively, the 
sample is cooled with H = 1 T to the target temperature. 
At 210 K (top inset of Fig. 7), in the high temperature 
region T D <T <Tc, both results coincide. The inhomo- 
geneous FM state that develops at Tc is characterized 
by the coexistence of isolated FM clusters embedded in 
a paramagnetic host. [|l3],[l4| With an applied field these 
clusters can grow freely against the paramagnetic phase, 
irrespectively of the way in which the field is applied. 

The temperature T Q signals the onset of a different 
phase separated state. Following the results of Huang et 
al. , j|] this phase separated state consists of FM regions 
coexisting with a structurally different phase. The second 
phase has different cell parameters than the FM one, and 
is characterized by a major degree of order of the d( z 2 ) 
orbital. Traces of PS of a structural nature, with an onset 
at T k 200 K, have also been found in magnetostriction 
studies, p^j Thus, below T Q , the FM clusters are struc- 
turally confined and can not grow freely when a magnetic 
field is applied in the M(x-y) mode, due to the presence 
of energy barriers at the phase boundaries. Magnetic re- 
laxation measurements in the intermediate temperature 



range also support the above description. [g4| These en- 
ergy barriers increase as the temperature is lowered, and 
therefore the capability of the measuring field to induce 
the structural transition from non-FM to a FM state di- 
minishes. This is responsible for the lower magnetization 
in the M(l-0) data of Fig. 5c. However, the same mag- 
netic field applied in the FCC mode can locally prevent 
the formation of the secondary phase, giving rise to an 
enhanced amount of the FM phase with respect to that 
obtained in the M(x-y) mode. 



Freitas et al, Fig. 7 




FIG. 7. Magnetization as a function of field of 
Lao.sCao.sMnOa, sample E. The main panel shows results 
measured after zero-field-cooling (ZFC) to T = 170 K (closed 
squares), after ZFC to T = 10 K and subsequently warmed 
to 170 K (closed circles), and after field-cooled-cooling (FCC) 
with H = 1 T to 170 K (open circles). The insets show data 
measured after ZFC (closed squares) and FCC (open circles) 
to T = 210 and 120 K. 

The magnetic properties of the intermediate phase sepa- 
rated state become evident through measurements of M 
vs. H at T = 170 K (main panel of Fig. 7). The data 
recorded after FCC with H = 1 T starts from a nearly 
saturated magnetization value, reflecting that the cool- 
ing field almost totally inhibits the formation of the sec- 
ondary phase. Instead, the results obtained after ZFC 
to 170 K show a low initial magnetic component, and 
a smooth metamagnetic-like transition, completed at H 
~ 3-4 T. An additional curve is displayed, in which the 
sample is cooled to 10 K, and subsequently warmed to 
the target temperature. In this case the majority phase 
is the low temperature AFM-CO phase, which can be 
transformed to a FM state in a sharp metamagnetic tran- 
sition, as observed in the figure. Finally, below Tco 
most of the material falls into the CO-AFM state, which 
is robust with respect to the application of moderated 
magnetic fields, and the relative phase fractions are not 
longer controlled by the measuring field but only by the 
cooling field. At 120 K, both ZFC and FCC M(H) curves 
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(bottom inset of Fig. 7) display the same overall behavior, 
with an abrupt field-induced CO-AFM to FM metamag- 
netic transition at H ~ 7.4 T The data obtained after 
ZFC and FCC conditions differ only in the magnetiza- 
tion values just above 1 T, due to the FFE effect of the 
cooling field. 

V. CONCLUSIONS 

The present investigation addresses the effects of 
an applied magnetic field in the magnetic phases of 
Lao.sCao.sMnOa, one of the prototype compounds for 
studying PS effects in manganites. The close interplay 
between the FM fraction and the applied magnetic field 
is crucial for interpreting the magnetization of this phase 
separated system. We have used a particular experimen- 
tal protocol related to the application of the magnetic 
field, which reveal the phase separated nature of the com- 
pound, due to the distinguishable effects of the cooling 
and measuring magnetic fields. The presented magneti- 
zation results show the existence of three well differenti- 
ated PS regimes: 'soft PS' for T c >T >T D , 'intermedi- 
ate' PS for T c >T >T co , and 'hard PS' for T <T co . 
These regimes were identified following the system's re- 
sponse to an applied magnetic field, and are consistent 
with neutron scattering results. & 

The actual existence of a phase separated state close 
below Tc is not directly revealed by our measurements, 
but was addressed by other authors. [p p^Jf4] , |25| | In this 
region the magnetic response of the system is the same 
in a wide range of magnetic fields, irrespective of the way 
in which the field is applied. This seems to indicate that 
the coexisting phases differ in their magnetic properties 
(paramagnetic-like and FM) but do not display energy 
barriers at the phase boundaries. This fact character- 
izes the soft PS regime, in which the FM phase can grow 
almost freely with the application of a magnetic field, 
whichever mode is employed. The intermediate region 
has its onset at T D , where magnetization curves obtained 
in the FCC and M(x-y) modes begin to separate. The 
different response of the system to the cooling and the 
measuring fields is consistent with the fact that the phase 
separated state in this temperature range is of a struc- 
tural nature, |^| with some degree of charge and/or or- 
bital ordering in the secondary phase. Jl^,|2^] A moderate 
applied magnetic field (~ 1 T) is successful in preventing 
the formation of the secondary phase in the FCC mode. 
On the other hand, in the M(x-y) mode the magnetic field 
has to induce a structural transition to accomplish the 
growth of the FM phase against the non-FM one, over- 
coming the energy barriers at the phase interfaces, there- 
fore much less FFE is achieved. It is worth noting that 
the preceding statements are only valid for measuring 
fields within a definite window, outside which magnetic 
measurements are unable to reveal the phase separated 



nature of the system at this intermediate temperature 
range. With low magnetic field values (H < 0.1 T) even 
the cooling field does not induce FFE, while at relatively 
high values (H > 3 T) the measuring field alone pro- 
motes a complete metamagnetic transition, transforming 
the system in to a nearly homogeneous FM state. 

The hard PS regime which appears below Too is the 
most studied in previous papers. It consist of minority 
FM regions embedded in an CO-AFM host with CE-type 
structure, a more robust state with respect to the applica- 
tion of a magnetic field. However, relatively low cooling 
fields can produce small variations of the FM fraction, 
which in turn produces huge changes in the resistivity 
when the FM fraction is near the percolation threshold. 
The transport data presented provide clear evidence for 
the percolative nature of the low field low-temperature 
colossal magnetoresistance. At temperatures well below 
Tco i an applied cooling field is solely responsible for a 
sizeable decrease in electrical transport. On the other 
hand, there is no appreciable magnetoresistance in mea- 
surements with the R(x-0) mode, since the measuring 
field can not produce FFE in the hard PS region. Both 
transport and magnetization data also show the drastic 
effect of the cooling field in lowering the CO transition 
temperature, whereas no reduction in Tco is observed in 
the M(x-O) measurements with fields up to ~ 3 T. 

Summarizing, the measured magnetization values in 
phase separated manganites depend strongly on the mag- 
netic field applied during the measurements, and on the 
field applied while cooling the sample. We were able to 
determine through magnetization data the onset at T G of 
the intermediate PS region, and established the existence 
of a critical cooling field above which FFE occurs. The 
overall results show how turn- on-turn- off -type magneti- 
zation measurements can be employed to reveal the phase 
separated nature of manganite compounds. Needless to 
say, more powerful tools such as microscopic techniques 
are required to fully characterize the coexisting phases at 
the various temperature ranges. 
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